Narnavirus 23S RNA is a persistent positive-stranded RNA virus found in yeast Saccharomyces cerevisiae. The viral genome (2.9 kb) only encodes its RNA-dependent RNA polymerase, p104. Here we report the generation of 23S RNA virus, with high frequency, from a vector containing the entire viral cDNA sequence. When the conserved GDD (Gly-Asp-Asp) motif of RNA-dependent RNA polymerase was modified, the vector failed to generate the virus, indicating that an active p104 is essential for replication. Successful launching required transcripts having the proper viral 3 terminus generated in vivo. This was accomplished through in vivo processing of the primary transcripts by the hepatitis delta virus antigenomic ribozyme directly fused to the 3 terminus of the 23S RNA genome. Although the primary transcripts also contained extra nucleotides at their 5 ends derived from the vector, the launched virus possessed the authentic 5 terminus of the viral genome without these extra nucleotides. Modifications of the genome sequence at the 5 and 3 termini abolished viral generation, indicating that the viral genome has cis-acting signals for replication at both termini. The great ease to generate the virus will facilitate the identification of these cis-acting signals. Furthermore, the virus, once generated, can be transmitted to daughter cells indefinitely without the vector or any selection, which makes the 23S RNA virus-launching system particularly useful for investigating the basis for RNA virus persistence.
Narnavirus 23S RNA is a persistent positive-stranded RNA virus found in yeast Saccharomyces cerevisiae. The viral genome (2.9 kb) only encodes its RNA-dependent RNA polymerase, p104. Here we report the generation of 23S RNA virus, with high frequency, from a vector containing the entire viral cDNA sequence. When the conserved GDD (Gly-Asp-Asp) motif of RNA-dependent RNA polymerase was modified, the vector failed to generate the virus, indicating that an active p104 is essential for replication. Successful launching required transcripts having the proper viral 3 terminus generated in vivo. This was accomplished through in vivo processing of the primary transcripts by the hepatitis delta virus antigenomic ribozyme directly fused to the 3 terminus of the 23S RNA genome. Although the primary transcripts also contained extra nucleotides at their 5 ends derived from the vector, the launched virus possessed the authentic 5 terminus of the viral genome without these extra nucleotides. Modifications of the genome sequence at the 5 and 3 termini abolished viral generation, indicating that the viral genome has cis-acting signals for replication at both termini. The great ease to generate the virus will facilitate the identification of these cis-acting signals. Furthermore, the virus, once generated, can be transmitted to daughter cells indefinitely without the vector or any selection, which makes the 23S RNA virus-launching system particularly useful for investigating the basis for RNA virus persistence.
T he availability of versatile genetics and well developed molecular biology techniques makes the yeast Saccharomyces cerevisiae one of the most powerful model organisms among eukaryotes. In the field of RNA virology, this organism has provided valuable information on the mechanism of replication of its endogenous L-A double-stranded RNA (dsRNA) virus and on the complex virus-host interactions (1) . Recent developments (2-4) include launching RNA viruses of animal and plant origin from expression vectors in yeast as a surrogate host. These have begun to provide rich information on virus-host interactions that is difficult or impossible to obtain from their native hosts. The yeast cells possess two types of endogenous RNA viruses: dsRNA virus totivirus (type species L-A) and positive (ϩ)-strand RNA virus Narnavirus. Unfortunately, however, to date no launching or RNA-infection systems have been available to generate these viruses in yeast. Among fungal RNA viruses, to our knowledge such systems are only available in the dsRNA hypovirus of the chestnut blight fungus Cryphonectria parasitica, the infection of which causes virulence attenuation of the fungus. By using reverse genetics, the molecular basis of hypovirulence has been pursued (reviewed in ref. 5) .
Most laboratory strains of S. cerevisiae harbor 20S RNA (ScNV-20S), and fewer strains carry 23S RNA (ScNV-23S). Both belong to the genus Narnavirus of the Narnaviridae family (6). The family also includes the genus Mitovirus, the members of which reside in fungal mitochondria (7, 8) . 20S and 23S RNA viruses have a number of characteristics in common. Their RNA genomes are small (2,891 and 2,514 nt for 23S and 20S RNA, respectively) and share five nucleotide sequences at their 5Ј ends (5Ј-GGGGC. . . ) and also at their 3Ј ends (. . . GCCCC-OH) (9) . Each genome encodes only a single protein: a 104-kDa protein (p104) for 23S RNA and a 91-kDa protein (p91) for 20S RNA. Both proteins contain four amino acid motifs well conserved among RNA-dependent RNA polymerases (RDRPs) (10, 11) . Because the viral genomes do not encode coat proteins, the RNA genomes are not encapsidated into viral particles. Instead they form ribonucleoprotein complexes with their cognate RDRPs in a 1:1 stoichiometry and reside in the host cytoplasm (12) . Both viruses are compatible in the same host and can be maintained stably without excluding each other. They are transmitted vertically to daughter cells during mitosis or horizontally during mating. Additionally, typical of fungal viruses, they do not kill the host nor render phenotypic changes to the host, which makes their genetic manipulation difficult or infeasible. However, their interactions with the host can be glimpsed by the following observations: the copy numbers of 20S and 23S RNAs can be increased greatly by transferring the host cells to nitrogen starvation conditions (13, 14) and are also elevated by host mutations such as ski2 (15) . Nitrogen starvation is commonly used to induce sporulation in diploid cells, and increase in viral load may contribute to the efficient distribution of these viruses to meiotic descendents. The SKI2 gene was identified originally as a suppressor of a satellite RNA of the L-A virus (16) . It has been proposed that mutations in this gene increase the copy number of dsRNA and single-stranded RNA viral genomes either by decreasing a 3Ј-5Ј exoribonuclease activity (17, 18) or by increasing the translational efficiencies of the viral RNAs that lack poly(A) tails (19) (20) (21) .
In the present study we established a launching system to generate 23S RNA virus in vivo from a yeast expression vector. The launched virus can be transmitted to daughter cells indefinitely without a vector or any selection and can be induced under nitrogen-starvation conditions like the native 23S RNA virus. Our data indicate that the 5Ј and 3Ј termini of the viral genome contain cis-acting signals essential for replication. This launching system will pave the way to introduce a selectable marker into the viral genome and will allow us to investigate not only the virus-host interactions but also the mechanism of 23S RNA virus persistence with the aid of powerful yeast genetics.
Materials and Methods
Strains and Media. Yeast strains (obtained from J. C. Ribas, Instituto de Microbiologia Bioquimica CSIC, Salamanca, Spain) were L-A-o derivatives of strain 2928 (a ura3 trp1 his3, 20S RNA, 23S RNA-o) (22) and 2927 (a ura3 trp1 his3 ski2-2, 20S RNA, 23S RNA-o). Cells were grown in either rich YPAD (1% yeast extract͞2% peptone͞0.04% adenine͞2% glucose) or tryptophan-omitted synthetic (H-Trp) medium (23) . Nitrogen starvation was performed as described (14) .
Northern Hybridization. Cells were broken with glass beads (12) , and RNA was extracted from cell lysates in the presence of 0.3% SDS once with phenol and twice with phenol͞chloroform and precipitated with ethanol. RNA was separated in a native agarose gel, blotted onto a neutral nylon membrane (Hybond-N, Amersham Pharmacia), and hybridized with a 32 P-labeled 23S RNA positive or negative strand-specific probe (24) . Because negative strands are less prevalent in the cells compared with positive strands, the autoradiograms with the latter probe were exposed 5-10 times longer. We analyzed 10-20 independent transformants in each experiment. All the mutations introduced into the launching plasmid described in this article produced clear-cut results. For the sake of simplicity, only a representative of each experiment is presented in the figures. Especially in the case of the G-8 plasmid, we detected 23S RNA virus in all 20 colonies analyzed, although the launching efficiency was much less compared with the control plasmid as described in the text.
Plasmids. Launching plasmid pRE637 was constructed as follows:
The complete cDNA sequence of 23S RNA (2,891 bp), the internal two SmaI sites of which had been modified (C966U and C2067U), was inserted at the Klenow-treated EcoRI site of pI2 (22) downstream of the PGK1 promoter. The plasmid carries TRP1 as a selective marker. Then a unique SmaI site was created at the 3Ј end of the 23S RNA sequence (pRE620). A chemically synthesized 82-bp hepatitis delta virus antigenomic ribozyme (25) was first subcloned between the SmaI and EcoRI sites of the pBluescript KS(ϩ) vector, and then an SmaI-KpnI fragment containing the ribozyme sequence was inserted between the SmaI and KpnI sites of pRE620, thus resulting in pRE637. 23S RNA positive and negative strand-specific probes were made by T7 and T3 run-off transcription from pRE473 predigested with appropriate restriction enzymes. pRE473 contains an SmaI fragment of 23S RNA cDNA (nucleotides 966-2,070) in the SmaI site of pBluescript KS(ϩ) vector. In vitro mutagenesis was done as described in ref. 26 . All the mutations introduced were confirmed by DNA sequencing.
Primer Extension. Primer extension analysis was performed as described (9) .
Results
Launching Plasmid. We constructed a yeast expression plasmid (pRE637) to generate 23S RNA virus in vivo by inserting the entire 23S RNA cDNA sequence (2,891 bp) downstream of the constitutive PGK1 promoter of pI2 (ref. 22 ; Fig. 1A ). Viral (ϩ) strands could be transcribed from the promoter. The major transcription start site (27) is located at Ϫ33 relative to the viral genome. An 82-nt hepatitis delta virus antigenomic ribozyme sequence (25) was fused directly to the 3Ј end of the 23S RNA sequence. Thus, intramolecular cleavage by the ribozyme was expected to create transcripts having the precise 3Ј-end terminus of the viral genome in vivo. The cDNA sequence of 23S RNA had been tagged by silent mutations at the two SmaI sites (C966U and C2067U, numbering from the 5Ј end of the viral genome). These modifications do not change the amino acid sequence of p104, nor do they affect the computer-predicted secondary structure of the RNA.
Generation of 23S RNA Virus. Yeast cells negative for 23S RNA virus were transformed with the launching plasmid pRE637. Twenty independent colonies were grown in H-Trp liquid medium selective for the plasmid. RNA was extracted from growing cells (it is estimated that these cells had been growing 25-30 generations after receiving the plasmid) and analyzed by Northern blot hybridization. A 23S RNA (ϩ) strand-specific probe detected an RNA band with the mobility of 23S RNA viral genome in all the colonies analyzed. The intensity of the band varied slightly among the isolates (Fig. 1B) . All these colonies also possessed T dsRNA, the double-stranded form of 23S RNA (11, 28) . A specific probe for 23S RNA negative (Ϫ) strand also detected the single-strand (Ϫ) genome as well as T dsRNA in all these colonies. Recipient cells without the plasmid did not give these signals. These results indicate that 23S RNA (Ϫ) strands were replicated from the (ϩ)-strand transcripts produced in vivo and suggest the generation of 23S RNA virus from the vector. We confirmed, as described below, that 23S RNA virus was generated from the plasmid and that the generated virus possessed the same properties known for endogenous virus. Transformants growing 25-30 generations in the presence of the launching plasmid were streaked for single-colony isolation on rich nonselective (YPAD) plates to eliminate the plasmid. When the plasmid-free colonies were analyzed, 20-50% of them retained 23S RNA virus. Once generated, the virus replicates autonomously and can be maintained stably in the yeast cells for more than 100 generations (thus-far examined) in the absence of the plasmid. The generated virus can be induced under nitrogenstarvation conditions, and the viral RNA can be seen directly by ethidium-bromide staining in an agarose gel (Fig. 1C) . The amount of induced RNA and (ϩ)͞(Ϫ)-strand ratio are similar to those found in endogenous 23S RNA virus. We noticed that a ski2 mutation did not affect the launching efficiency. Because the ribozyme would create a precise viral 3Ј terminus and the majority of p104 would be translated from the primary transcripts [with CAPs and poly(A) tails], SKI2, according to its two proposed functions, is expected to be irrelevant to the launching process. Once the virus is generated, its copy number in the ski2 strain is several-fold higher than that in the SKI2 strain (Fig. 1D) .
Because the viral genome in the plasmid was tagged by silent mutations, we examined the presence of these tags in the launched viral RNA from plasmid-cured cells (Fig. 2) . Endogenous or launched viral genome was gel-purified and treated with DNase I. Then a 644-bp cDNA fragment encompassing one of the two SmaI sites was reverse-transcribed and amplified from the RNA. The cDNA derived from the launched viral RNA was resistant to SmaI digestion, whereas the one from the endogenous viral RNA was sensitive to the enzyme, confirming that the launched 23S RNA originated from the plasmid. We also examined the effects of these silent tags on the generation of 23S RNA virus. When either one of the two SmaI sites or both together were restored by in vitro site-directed mutagenesis, all the resulting plasmids had efficiencies of virus generation similar to that of the original launching plasmid (data not shown).
p104 Is Essential. The 23S RNA genome encodes a single protein, p104. p104 has the four sequence motifs well conserved among RDRPs. When one of the motifs (GDD) was changed to EFD in the launching plasmid, the modified plasmid failed to produce 23S RNA virus (Fig. 3) . The recipient strain also harbors 20S RNA virus, which belongs to the same genus as 23S RNA. Its RDRP (p91) shares a high degree of amino acid similarity with p104 that extends beyond the RDRP consensus motifs (29) . Nevertheless, the failure to launch 23S RNA in this strain with the modified sequence implies that p91 cannot substitute for p104 in replication of 23S RNA virus. This is consistent with our previous observation that each RDRP interacts only with its cognate viral RNA (12) . p104 has a stretch of 8 aa in the GDD region identical to those present in p91 except for one mismatch (496-RICGDDLI-503 in p104 and 457-RVCGDDLI-464 in p91). When I497 was replaced with V, the modified plasmid could generate 23S RNA virus (Fig. 3) . The launching efficiency and the amount of RNA produced were indistinguishable from those with the unmodified plasmid. Thus 23S RNA virus can tolerate a change between these aliphatic amino acids at a position close to the well conserved GDD motif. Therefore, these results indicate that p104 is essential for replication and suggest the usefulness of the launching system to perform structure-function analysis of the RNA polymerase.
Importance of Viral 3 End. We have not observed the generation of 23S RNA virus from plasmids previously even though they contained the complete cDNA sequence (perhaps because they lacked the means to generate transcripts ending with the precise viral 3Ј terminus). To demonstrate the importance of the 3Ј terminus in launching, we used in vitro mutagenesis to construct two variants of the launching plasmid (Fig. 4D) . In one variant [ribozyme (Ϫ)] the GGG sequence 3Ј to the cleavage site was substituted with AAA. This substitution destroys or modifies the substrate-bearing PI helix as well as a G⅐U wobble at the cleavage site in the ribozyme core structure (25, 30, 31 ). In the second variant (3Ј end), three of four Cs clustered at the 3Ј end of the viral genome were substituted with three As (Fig. 4D) . The last C at the 3Ј end was left unmodified, because a nucleotide change at this position may affect cleavage by the ribozyme (31) . When these two variant plasmids were introduced into yeast cells, we did not observe 23S RNA virus generation (Fig. 4 A and B) .
To confirm that the ribozymes in these variant RNAs functioned as intended in the context of the 23S RNA sequence, we subcloned the entire 23S RNA and ribozyme sequence from these variant plasmids into the pBluescript KS(ϩ) vector downstream of the T7 RNA polymerase promoter. When run-off T7 transcripts were made in vitro, the 3Ј-end variant RNA produced a 90-nt cleavage fragment containing the ribozyme sequence, and its cleavage was increased greatly by incubation at 55°C in the presence of Mg 2ϩ (Fig. 4C) . The efficiency of cleavage was equivalent to or better than that of the control RNA, which indicates that the ribozyme in the 3Ј-end variant RNA is functional. On the other hand, the ribozyme (Ϫ) variant RNA failed to produce the fragment even at 55°C. Therefore these results indicate that the 3Ј terminus of the (ϩ) strands contains a cis-acting signal(s) for viral replication, the activity of which is impaired by the substitution of CCC with AAA in the 3Ј-end variant RNA. Because the ribozyme (Ϫ) variant RNA failed to launch 23S RNA virus, extra nucleotides at the 3Ј end may impede the activity of the cis signal(s). Alternatively, the RNA terminus of the (ϩ)-strand genome itself may constitute a part of the cis signal. Finally, because we did not detect (Ϫ)-strand single-stranded RNA or T dsRNA in the cells transformed with the 3Ј-end or ribozyme (Ϫ) variant plasmids, their failure to launch 23S RNA virus is most likely due to their inability to produce appropriate template RNAs for the (Ϫ)-strand synthesis.
5-End Signal for Replication.
The major transcription start site in the launching plasmid is located at position Ϫ33, relative to the 5Ј terminus of 23S RNA genome. To examine the effects of these extra nucleotides and the importance of the viral 5Ј end on the generation of 23S RNA virus, we constructed two derivatives of the launching plasmid (Fig. 5A) . The 23S RNA genome possesses four Gs at the 5Ј end. In one derivative (5Ј end) the four Gs were The first nucleotide at the viral 5Ј end is numbered 1. (B and C) Cells were transformed with the modified 5Ј end or G-8 or unmodified (control) launching plasmid. RNA was extracted from transformants and analyzed as described in the Fig. 3 legend by using a positive (B) or negative (C) strand-specific probe for 23S RNA. (D) Determination of the 5Ј ends of launched viral RNAs by primer extension. The 5Ј ends of the viral RNAs generated from the unmodified (Launched) and modified (G-8) launching plasmids were analyzed by reverse transcription using a 5Ј-labeled primer. The extended products were separated in an 8% sequencing gel and detected by autoradiography. As references, primer-extension products obtained from endogenous 23S RNA virus (Endogenous) and sequence ladders were run in the same gel.
substituted with CAAA. In the second derivative (G-8) a cluster of 8 Gs was inserted at the 5Ј end of the viral genome, thus creating a stretch of 12 Gs. Oligo G tracts are thought to form strong secondary structures that inhibit progression of the Xrn1p͞Ski1p 5Ј-3Ј exoribonuclease, a major player in the mRNA degradation pathway in S. cerevisiae (17, 32, 33) . The cells transformed with the 5Ј-end plasmid did not produce a band corresponding to the 23S RNA (ϩ)-or (Ϫ)-strand genome (Fig.  5 B and C) . On the other hand, cells transformed with the G-8 plasmid showed the band corresponding to the 23S RNA (ϩ)-strand genome, although its intensity was much weaker than that in the cells transformed with the control plasmid. The presence of 23S RNA (Ϫ) strands and T dsRNA in these cells indicates (Ϫ)-strand synthesis, suggesting that the 23S RNA virus was generated from the G-8 plasmid. To confirm this, we cured the G-8 plasmid from the cells. Among plasmid-negative colonies some contained 23S RNA virus, although their occurrence was 5-10 times lower than the launching efficiency of the control plasmid. However, once generated the virus in these G-8 plasmid-cured cells was indistinguishable in terms of quantity and stability from the one generated from the control plasmid.
The viral RNAs generated from the control and G-8 plasmids were isolated, and their 5Ј ends were compared with that of endogenous 23S RNA virus by primer extension. As shown in Fig. 5D , 23S RNA viruses both generated from the G-8 and control plasmids possessed exactly the same (ϩ)-strand 5Ј end as native 23S RNA virus. These results indicate that the extra nucleotides at the 5Ј end of the primary transcripts were effectively eliminated from the generated virus during the launching process. The insertion of an oligo G8 stretch at the 5Ј terminus of the viral genome reduced the launching efficiency most likely by blocking the progression of a 5Ј-3Ј exonuclease. Alternatively, it could be an effect of the G8 stretch on 5Ј end recognition by the RNA polymerase. Although there are four consecutive Gs at the 5Ј end of the viral genome, our results indicate that additional Gs at the 5Ј end are harmful or unfavorable for replication. Finally, because the 5Ј end plasmid failed to produce 23S RNA virus, the four consecutive Gs at the 5Ј end seem to be a part of the essential 5Ј cis signal(s) for replication.
Discussion
We established a launching system to generate 23S RNA virus from a cDNA vector. Similar to native virus, the virus generated from a cDNA copy can be induced by nitrogen starvation and has an increased copy number of the RNA genome in ski2 strains. Once generated, the virus does not require the launching vector and can be transmitted stably to daughter cells without any selection. The launched virus retained the silent mutations tagged for identification, proving that it was derived from the cDNA.
A potential use of this launching system to investigate RNA polymerase structure and function is demonstrated by two mutations introduced in the p104 amino acid sequence. The substitution of the GDD motif with EFD failed to generate 23S RNA virus. However, a point mutation (I497V) adjacent to the GDD motif did not affect the launching. Crystal structures of RDRPs show remarkable similarity to those of DNA-dependent RNA or DNA polymerases and of reverse transcriptases (34) (35) (36) . These structures resemble that of a right hand, and the four motifs conserved among RDRPs including the GDD motif are located within a subdomain termed palm. The first aspartic acid residue of the GDD motif coordinates two catalytic Mg 2ϩ ions, which carry out the polymerization reaction. Thus, the inability of the EFD mutant to generate 23S RNA virus is caused by the destruction of the catalytic site of the polymerase. On the other hand, the I497V mutation produced an active polymerase and generated the virus. This was partly expected, because a valine can be found at the same position relative to the GDD motif in p91. A short stretch of amino acids that includes the GDD motif forms a ␤-hairpin structure, with the GDD motif located at the hairpin loop. Therefore, it suggests that the exchange between the aliphatic amino acids at position 497 did not alter the hairpin structure significantly, thus keeping the overall polymerase structure intact.
We have demonstrated that there are cis-acting signals for replication at the 5Ј-and 3Ј-terminal regions of the 23S RNA genome. Although the characterization of these signals and their functions awaits further investigation, available data indicate that their locations at the RNA termini are crucial. Transcripts from the expression vector have extra nonviral 33 nts at their 5Ј ends. These nucleotides were eliminated from the viral genome during the launching process probably by cellular 5Ј-3Ј exonucleases. In fact, the insertion of an oligo G8 at the viral 5Ј end in the vector, which created a stretch of twelve Gs, decreased the launching efficiency. Primer extension indicated that the virus generated possessed only four Gs at the 5Ј end, the authentic viral 5Ј terminus, and that all the extra Gs added had been eliminated. This indicates that the addition of extra Gs to the 5Ј end or the elimination of the 5Ј-terminal Gs is harmful for replication. Consistently, the substitution of the 5Ј-terminal GGGG with CAAA completely abolished the generation of the virus. Therefore, these nucleotides are a part of the 5Ј-end cis signal(s). Similarly, the viral 3Ј terminus has a cis signal(s), because the substitution of the 3Ј-terminal CCCC-OH with AAAC-OH abolished launching. The transcription termination site for the FLP gene (37) of the 2 M plasmid is located 0.7 kb downstream of the 23S RNA viral genome in the vector. The failure in launching of the ribozyme (Ϫ) plasmid or of plasmids without the ribozyme indicates that the 3Ј cis signal needs to be located at or close to the 3Ј terminus. We now can create RNAs in vivo having a defined number of extra nucleotides at their 3Ј (or 5Ј) ends and assess their effects on launching. Therefore, this launching system will provide information not only on the cis signals for virus replication but also on the cellular exonucleases involved in the launching process.
The five nucleotide sequences at the 5Ј and 3Ј termini of the 23S RNA genome are complementary. This may simply reflect that the polymerase machinery would require the same 3Ј-terminal sequence for synthesis of both the positive and negative strands. Alternatively, the 5Ј and 3Ј termini may form a panhandle structure that could be the real template for the polymerase machinery. These possibilities can be examined by carefully defining the cis signals and measuring their individual effects on positive-and negative-strand synthesis in vivo.
The persistence of fungal RNA viruses would involve many interactions with the host at different levels. Because they have no extracellular transmission pathway, cytotoxicity and uncontrolled utilization of host machinery that is harmful to the host must be avoided. The virus should be invisible to host surveillance. Furthermore, when the host cells divide, the virus has to replicate and needs to be transmitted to daughter cells. In the daughter cells, the virus has to replicate and adjust its copy number to be ready for another round of cell division. When nutrients become scarce, the virus has to cease replication. Alternatively, in the case of Narnavirus, the virus may need to increase its copy number to ensure efficient transmission to meiotic spores. Therefore, fungal viruses interact extensively with the host cells and monitor their condition constantly. The launching system of 23S RNA virus provides a good opportunity to introduce a selectable marker to the viral RNA. Once introduced, it will enable the utilization of yeast genetics to understand the complex virus-host interactions. Because 23S RNA is a native virus of yeast, we expect that their interactions are genuine, not imposed artificially. Some of these interactions could be observed even in infectious RNA viruses, because infectious viruses also have to obey certain rules as long as they use host machinery for their replication.
